"Nanometer lighography with the scanning tunneling microscope"; Appl. Phys. Lett. 46(9); Ringger et al.; May 1, 1985, pp. 832-834. "Scanning Tunneling Microscopy and Nanolithogra phy on a Conducting Oxide, Rbo.3MoO3'; Science, vol. 246, Oct. 6, 1989; Garfunkel et al.; pp. 99-100. "Direct writing in Si with a scanning tunneling micro scope"; Appl. Phys. Lett. 55 (13) Another prior art approach is to deposit a single layer of superconducting material on a substrate and then 40 open a gap in the superconductor with photolitho graphic techniques. A resist material is formed on the superconductor, exposing the area of the intended gap. The gap material is then removed by etching, or per haps ion milling, and the gap filled again with a metal 45 such as gold. The resulting superconductor-normal metal-superconductor (SNS) junction operates to pass supercurrent on the basis of a phenomenon referred to as the proximity effect. When the proximity effect is involved, a weak superconductivity is induced in the 50 gold by the superconductivity of the adjacent supercon ductors. The gold becomes a "weak link' in the super conducting current flow, very sensitive to any external destabilizing influences such as applied magnetic and electric fields. Thus, weak links are excellent detectors 55 in a variety of applications.
To make weak links, it is not necessary to first create gaps and refill them with gold, however. Weak links can also be created by altering a portion of the super conductor for a short distance so as to weaken its super-60 conductivity. This may be done, for example, by nar rowing the superconductor at the chosen location, which increases the current density at that location. Since superconductivity is progressively extinguished as a critical current level is approached, a narrower 65 portion suppresses superconductivity.
These narrow portions are referred to as bridges-, and the larger remaining superconductors on each side, that intended to specify the ratios of the individual elements.
The most popular of these compounds, as of this writing, is YBa2Cu3O7-where x is a number from 0 to 1. But for the purposes of this application, high Tc su perconductors are defined to be any of the copper oxide systems described, and also other high Tc compounds that behave in a similar fashion.
The best quality copper oxide compounds, those that are reliably reproducible, are formed by deposition in controlled environments onto substrates. When formed in this manner, the high Tc compounds can be made to grow in a crystalline structure such that the copper oxygen planes are parallel to the substrate surface. Since superconductivity is much more prevalent in the copper oxygen planes, the resulting layer of superconductor is very anisotropic, having a higher current carrying abil ity parallel to the substrate than perpendicular thereto.
The most accepted current theory of superconductiv ity relates the phenomenon to the pairing of electrons in a quantum mechanical sense. The paired electrons are referred to as Cooper pairs, each electron coupling to another electron that happens to be in a time reversed state relative to the first electron. That is to say, the paired electrons have opposite quantum characteristics with respect to spin and momentum. Coherence length can be thought of as the average distance between paired electrons in a given material. For instance, alumi num has a coherence length of about 3500 angstroms whereas niobium is more in the range of 200 angstroms.
Coherence length is an important parameter in the construction of superconducting weak link bridge type Briefly, the present invention contemplates the pro duction of a Josephsonjunction by forming a single thin layer of high Tc superconductor on a substrate and narrowing down a portion of the superconductor so as to create a bridge between the two larger banks of superconductor. This bridge portion is then modified, at an atomic scale, with the application of an externally applied tunneling electron current so as to create a barrier. The tunneling current flows from a sharp metal electrode placed very close to the surface of the bridge.
The electrode may be moved over the surface of the bridge by suitable servomechanisms controlled, in turn, by computer assisted control circuits.
The use of tunnel current provides the advantage that the electron beam that modifies the atomic structure is confined to a precise location. This location is compara ble in size to atomic dimensions and thus introduces a In fact, the flow is exponentially related to the length of the gap. An electrode that appears to be very sharp at a macroscopic level will be found to be quite irregular on an atomic scale. Usually, somewhere on the point of the electrode there will be a group of atoms, or perhaps even one atom that projects out further than the rest. This atomic scale point will therefore be somewhat closer to the surface of the bridge. This difference in closeness has a radical effect on the tunneling current so that substantially all of the tunneling current will flow through the atomic point, thus, confining the electron flow to the location of the atomic point. This electron flow may be used to alter the physical structure of the crystal lattice that makes up the high Tematerial so that the superconducting state is suppressed. A weak link can be written across the bridge by moving the elec trode thereacross. This weak link between the two adja cent superconducting banks results in a Josephson type junction.
Several different mechanisms are contemplated fo the invention. Material can be removed from the bridge area so as to decrease the size of the bridge and form a weak link. Alternatively, the bridge can be chemically altered by using the tunnel current electrode to remove oxygen from the crystal using the electrode potential. Another variation is to write in an erosion enhancing atmosphere of acid vapor or the like. Further possibili ties, benefits, and advantages will become apparent 1 shows schematically a high Tc superconduc ting film 10 formed on a substrate 12. To achieve the highest quality and most homogenous superconductor, the material should be formed by carefully depositing the constituent components of the selected supercon ductor from a vapor phase onto a substrate such as lanthanum aluminate. Such a substrate has an ideal crys talline structure for encouraging the expitaxial growth of the high Tc superconductor film. Such a process can be carried out, for example, by vaporizing a sample of the desired material, having the correct stoichiometric proportions, in a vacuum chamber proximate substrate 12 using laser ablation, sputtering, or other appropriate vaporization techniques. Such a process, in which the films condense directly from the vapor into the desired structure as they are grown, is called in situ growth and has been found to produce films with good consistent properties even though the films are very thin. It is possible to produce films as thin as sixty angstroms that are superconducting. This approach yields films that are not dominated by naturally occurring weak links, as was the case for films made by non in-situ processes, and thus it becomes possible to introduce a weak link at a desired location so as to form a Josephson junction.
As shown in FIG. 1 and electrode 20 so as to maintain a voltage on elec trode 20, relative to film 10, of magnitude such that a tunneling current exists from the tip of electrode 20 to bridge 14. The control circuits 30, servos 22, connec tions 24, and electrode 20 all comprise readily available technology since they comprise generally the same components used in scanning tunneling microscopes. These microscopes are used to study the surface atomic structures of a wide variety of conducting materials. Basically, in use, a sharp electrode is tracked across the surface of the specimen by position controlling devices under computer control. The electrode is adjusted to maintain a distance from the specimen such that a con stant tunneling current to the specimen is maintained. Monitoring the varying position of the electrode pro vides insight into the shape of the surface at an atomic scale. This microscope technology is directly usable in the practice of the present invention.
Electrode 20 is chosen to be a material having a large density of electron states at the Fermi energy so as to provide tunneling electrons to the process.
The electron beam that emanates from the tip of electrode 20 will be extremely narrow since it comes primarily from the one or two atoms on the tip of elec trode 20that are closest to bridge 14. Any other second ary sources of tunneling electron current that are fur ther away from bridge 14 will be exponentially smaller.
The absolute difference in current flow between these primary and secondary sources can, in principle, be made as large as desired by moving the electrode 20 closer to bridge 14. Thus, a very narrow path of damage 28 becomes feasible, approaching dimensions on the order of atomic scale and crystal lattice spacing dis tances. The ability to alter the crystal structure along a path 28 at these extremely small dimensions allows the formation of a weak link in high T. materials. This for mation can be effected in several ways as contemplated by the instant invention.
One way is shown in FIG. 2 where bridge 14 is notched from the sides, at 32 and 34, leaving a narrow weak link of material in the middle. It will be seen that Superconducting material can actually be removed from bridge 14. The electron beam from electrode 20 is an intense energy source available to support a variety of structure altering processes. Clearly, enough current for a sufficient time will physically strip atoms from the material thus eroding the material away. A more subtle approach is to take advantage of the chemical charac teristics of the superconductor. High Tc superconduc tors of the copper oxide family are susceptible to the loss of oxygen from the crystal lattice structure. Oxy gen can be induced to migrate out of the crystal over the path 28 by using the electrode at a positive potential to act on the negatively charged oxygen ions. This will impair the crystals ability to superconduct.
Still another variation is to write the path 28 using a tunneling current electrode in the presence of an ero sion enhancing atmosphere containing a vapor that will react with one or more of the elements comprising the crystal structure. For example, an acid such as nitric acid would more readily react with atoms in the struc ture in the presence of the electron bean. The electron beam operates to enhance the chemical reactions in a very localized area. Extending this concept, the gap could be made larger, and the chemical alteration used to change the superconductor into a normal metal with such as gold deposited on top. An interesting benefit of this approach is that the gold can be deposited from the electrode 20 if a gold tip is used on the electrode.
Of course, the electrode tunnel current electron beam is also suitable to erode or produce larger barriers as well if desired. Such junctions would have more exact tolerances than can be had from photolithographic, focused electron beam, or focused ion bean methods.
For example, FIG. 5 shows a substrate 50 having a . layer 52 of metal such as copper and a top layer of lower T material 54, perhaps niobium. A gap 56 is written in superconducting layer 54 by a tunnel current from elec trode 20. The copper layer 52 connects the two super conducting banks 54 to form a SNS junction. Gap 56 may be made larger than the previously described barri ers since the coherence length in niobium is longer. The device of FIG. 5 is useful but must be operated at much lower temperatures. Thus, not all of the benefits of the present invention are realized. To appreciate all of these additional benefits, a brief consideration of the pertinent theory is appropriate.
Superconductivity relies upon the establishment of long range organized quantum behavior of the electrons over macroscopic distances. If this long range order is maintained across a discontinuity or weak link, the phase of the overall wavefunction in one superconduc tor is held in a fixed relationship with the phase of the wavefunction in the other superconductor. This phase coherence across a weak link defines a Josephson junc tion. With phase coherence comes zero resistance flow across the junction even with no applied voltage. Phase coherence is, however, a fragile condition. The weak link is easily disturbed by small currents and magnetic fields. This makes a Josephson junction a very good detector of slight currents and magnetic fields. But if phase coherence is lost, the device reverts to an ordi nary junction, requiring an applied voltage to initiate current flow. Phase coherence is only possible when the weakened zone is on the order of a few coherence lengths long, and as described earlier, the coherence length for high Tc materials is much shorter. The pres ent invention provides a way to generate weak link structures of a size corresponding to the coherence lengths typical of the new high critical temperature superconductor materials. As a result Josephson junc tion devices can be created that will operate at much higher and more obtainable temperatures.
A further advantage of the instant invention arises from the fact that the computer program that positions electrode 20, through control circuits 30, can also be tailored to write not just one junction, but an array of junctions over a large superconductor circuit grown at one time on a substrate. Thus, multiple devices can be simultaneously formed as opposed to the one-at-a-time approach inherent in the prior art.
Since other variations will be possible in the imple mentation of the present invention that do not depart from the spirit and scope of the disclosed product and 5,219,826 7 process, I intend to be limited only to the following appended claims. 2. The method of claim 1 in which the electrode is moved from one side of the selected portion to the other side of the selected portion so as to alter the crystal structure in a very narrow path of width in the range of one to about 10 coherence lengths for the superconduc tor.
3. The method of claim 1 in which the electrode is moved over part of the selected portion so as to narrow the superconductor in the area of the selected portion and create a weak link.
4. The method of claim 1 in which the electrode is operated at a positive potential so as to induce oxygen to migrate out of the selected portion so as to create a weak link.
5. The method of claim 1 including the step of main taining an erosion enhancing environment around the selected portion while the tunnel current is maintained. 8. The method of claim 7 in which the electrode is moved from one side of the selected portion to the other side of the selected portion so as to alter the crystal structure in a very narrow path of width in the range of one to about 10 coherence lengths for the superconduc to.
9. The method of claim 7 in which the electrode is moved over part of the selected portion so as to narrow the superconductor in the area of the selected portion and create a weak link.
10. The method of claim 7 in which the electrode is operated at a positive potential so as to induce oxygen to migrate out of the selected portion so as to create a weak link.
11. The method of claim 7 including the step of main taining an erosion enhancing environment around the selected portion while the tunnel current is maintained.
12. The method of claim 7 in which the crystal struc ture is altered in the selected portions only to a depth that does not extend all the way through the selected portions so as to preserve the superconducting layer near the substrate. k k Sk t t
